Cytosine DNA methylation regulates the expression of eukaryotic genes and transposons. Methylation is copied by methyltransferases after DNA replication, which results in faithful transmission of methylation patterns during cell division and, at least in flowering plants, across generations. Transgenerational inheritance is mediated by a small group of cells that includes gametes and their progenitors. However, methylation is usually analyzed in somatic tissues that do not contribute to the next generation, and the mechanisms of transgenerational inheritance are inferred from such studies. To gain a better understanding of how DNA methylation is inherited, we analyzed purified Arabidopsis thaliana sperm and vegetative cellsthe cell types that comprise pollen-with mutations in the DRM, CMT2, and CMT3 methyltransferases. We find that DNA methylation dependency on these enzymes is similar in sperm, vegetative cells, and somatic tissues, although DRM activity extends into heterochromatin in vegetative cells, likely reflecting transcription of heterochromatic transposons in this cell type. We also show that lack of histone H1, which elevates heterochromatic DNA methylation in somatic tissues, does not have this effect in pollen. Instead, levels of CG methylation in wild-type sperm and vegetative cells, as well as in wild-type microspores from which both pollen cell types originate, are substantially higher than in wild-type somatic tissues and similar to those of H1-depleted roots. Our results demonstrate that the mechanisms of methylation maintenance are similar between pollen and somatic cells, but the efficiency of CG methylation is higher in pollen, allowing methylation patterns to be accurately inherited across generations.
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DNA methylation | epigenetic inheritance | histone H1 | pollen C ytosine methylation is a covalent DNA modification that regulates transcription in eukaryotes (1) . The highest levels of methylation in plant and animal genomes are typically located within symmetric CG dinucleotides (1) . Methylation in this sequence context is virtually ubiquitous in plant transposable elements (TEs), which are transcriptionally silenced by methylation, but also occurs within many genes without disrupting their expression (1, 2) . CG methylation is catalyzed by the Dnmt1 methyltransferase family, called MET1 in plants (1, 2) . MET1 restores full methylation of hemimethylated CG dinucleotides generated by DNA replication, thereby perpetuating methylation patterns after cell division (1, 2) . This maintenance activity is thought to allow DNA methylation to carry epigenetic information-and influence gene expression and phenotype-across generations (3, 4) . The nature of this mechanism predicts that imperfect maintenance of CG methylation should lead to complete loss as methylation is diluted during each cell division, so that the only stable methylation states for a CG site in a population of cells should be fully methylated or fully unmethylated. However, the methylation levels measured at Arabidopsis thaliana CG sites appear to be too low for stable maintenance (5, 6) . Therefore, exactly how CG methylation is so robustly inherited in flowering plants is not entirely clear.
In addition to MET1, plants possess the chromomethylase (CMT) and DRM methyltransferase families. In Arabidopsis, CMT3 catalyzes methylation of semisymmetric CNG sites, which is typically analyzed as CHG (H stands for A, T, or G) to avoid overlap with CG (1, 2). A related enzyme, CMT2, catalyzes asymmetric (CHH) methylation, primarily in heterochromatic TEs (7, 8) . Both enzymes rely on dimethylation of lysine 9 of histone H3 (H3K9me2), a histone modification characteristic of plant heterochromatin (8, 9) . DRM enzymes (DRM1 and DRM2 in Arabidopsis), which are guided by the small RNA-directed DNA methylation (RdDM) pathway (10), catalyze CHH methylation of more euchromatic TEs (7, 11, 12) . Methylation mediated by CMT and DRM enzymes, collectively referred to as non-CG methylation, functions to repress TE expression and is almost completely absent from genes (1, 2). Non-CG methylation varies substantially between plant cell types and tissues (13) (14) (15) (16) (17) for reasons that remain largely unexplained.
Transgenerational inheritance of DNA methylation patterns is carried out by gametes and the cellular lineages from which they differentiate. The shoot apical meristem, a small group of stem cells that develops early during Arabidopsis embryogenesis, gives rise to all above-ground tissues, including the floral meristems that produce the sexual organs (18) . In these, certain cells differentiate into meiocytes, which undergo meiosis to produce haploid spores (19, 20) . The spores go on to divide by mitosis to create the multicellular male and female gametophytes. The male gametophyte, pollen, consists of two sperm cells and a vegetative cell, which forms the pollen tube that delivers the sperm into the female gametophyte (19, 20) . As this
Significance
Cytosine methylation is a mechanism of epigenetic inheritance-the transmission across generations of information that does not reside in DNA sequence. This transmission is mediated by enzymes that copy methylation states following DNA replication. Only a small group of plant cells-gametes and their progenitors-participates in inheritance, yet methylation is usually studied in other cell types, in which cytosine methylation within CG dinucleotides appears to be too low for stable maintenance. Here, we examine methylation in the pollen grains of Arabidopsis thaliana plants with methyltransferase mutations and show that although methylation is maintained by similar mechanisms in pollen and somatic cells, maintenance of CG methylation is more efficient in pollen, explaining how methylation can be faithfully inherited across generations.
developmental sequence illustrates, plants specify dedicated sexual lineages much later than animals, which set aside the germ line during embryogenesis (21) . Nonetheless, only a very small fraction of plant cells can give rise to gametes. Despite their importance, these cells are rarely directly examined in studies of DNA methylation, so that most of our knowledge about the mechanisms of epigenetic methylation inheritance is inferred from analyses of differentiated tissues that do not contribute to the next generation.
To help address this deficiency, we analyzed DNA methylation in purified Arabidopsis sperm and vegetative cells with mutations in CMT3, CMT2, and both DRM1 and DRM2, respectively. We also analyzed sperm and vegetative cells with mutation of both genes encoding canonical histone H1, a chromatin protein that globally reduces heterochromatic DNA methylation in all sequence contexts (7) . Despite the reported absence of H3K9me2 from the vegetative cell nucleus (22) , we find that methyltransferase dependencies of non-CG methylation in the sperm and vegetative cells are similar to those of leaves and other examined tissues, although RdDM partially extends into vegetative cell heterochromatin. Unlike in somatic tissues, mutation of H1 does not substantially increase heterochromatic methylation in either sperm or vegetative cell. Instead, methylation of CG sites is elevated in wild-type (WT) pollen, resembling h1 mutant somatic tissues. The higher CG methylation levels in pollen are easier to reconcile with stable transgenerational maintenance, indicating that CG methylation efficiency is reduced in somatic cells with limited division potential. This in turn suggests that small DNA methylation differences between somatic cells or tissues may be caused by variance in maintenance efficiency instead of active developmental reprogramming.
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Mechanisms of DNA Methylation Maintenance Are Similar Between
Pollen and Leaves. We isolated sperm and vegetative cell nuclei from cmt3, cmt2, drm1drm2 (drm), and control WT plants by fluorescence-activated cell sorting (FACS) (15) . Genome-wide analysis of DNA methylation by bisulfite sequencing (Table S1) revealed that, as expected, none of the mutations have a major effect on CG DNA methylation in either genes or TEs ( Fig. 1 A and B), just as in leaves ( Fig. 1 A and B ) and other somatic tissues (5) (6) (7) (8) 23) . The cmt3 mutation has a similarly strong effect on TE CHG methylation in sperm, vegetative cells, and leaves (Fig. 1C) , indicating that CHG methylation in both pollen cell types is maintained primarily by CMT3, despite the reported lack of H3K9me2 in the vegetative nucleus (22) . Likewise, mutation of either cmt2 or drm affects the patterns of CHH methylation similarly in sperm, vegetative cells, and leaves ( Fig. 1D ), even though CHH methylation is about threefold higher in vegetative cells compared with sperm ( Fig. 1D ) (15, 16) . As in leaves and other tissues (7, 8) , sperm and vegetative cell CHH methylation in euchromatic TEs-here defined as those with a low level of H3K9me2 in leaves ( Fig. S1 ) (7)-is primarily dependent on drm ( Fig. 1E and Fig. S2A ). CHH methylation of TEs with intermediate H3K9me2 is dependent on drm and cmt2 ( Fig. 1F) , with cmt2 causing a stronger reduction in TE bodies and drm in TE edges ( Fig. S2B ) (7), and methylation of the most heterochromatic TEs is performed primarily by CMT2 in sperm, vegetative cells, and leaves ( Fig. 1G and Fig. S2C ). An interesting feature of the data is that vegetative cells have only modestly higher CHH methylation of euchromatic TEs compared with sperm ( Fig. 1E ), whereas heterochromatic TEs are far more methylated in the vegetative cell (Fig. 1G ). The elevated CHH methylation in the vegetative cell is thus largely caused by increased activity of H3K9me2-dependent CMT2 in heterochromatin (Fig. 1G) . Overall, our results demonstrate that the roles of the major Arabidopsis DNA methyltransferases in pollen are remarkably similar to those in somatic tissues.
New Heterochromatic RdDM Targets in the Vegetative Cell. Although pollen and somatic heterochromatic CHH methylation is largely dependent on CMT2, the effect of the cmt2 mutation is weaker in the vegetative cell compared with leaf and sperm ( Fig. 1G and Fig. S2C ). The cmt2 mutation also does not reduce CHH methylation in TEs with intermediate H3K9me2 as much in the vegetative cell as it does in leaf ( Fig. 1F and Fig. S2B ). This is easily noticeable in the methylation data as heterochromatic TEs that retain substantial CHH methylation in cmt2 vegetative cells ( Fig.  2A ) and as intermediate TEs that retain essentially WT methylation levels in cmt2 vegetative cells (Fig. S2D ). To systematically identify heterochromatic loci with CMT2-independent CHH methylation, we compared methylation levels between all 50-bp windows in heterochromatic TEs that retain CHH methylation in either cmt2 vegetative cell or cmt2 leaf (Fig. 2B) . The vast majority of windows have more methylation in the vegetative cell (Fig. 2B ). As expected, CHH methylation of these windows is dependent on CMT2 in leaf and sperm (Fig. 2C) . WT vegetative cells have higher CHH methylation of these loci than leaf or sperm, which is dependent on both CMT2 and DRM (Fig. 2C) , resembling the pattern observed in TEs with intermediate H3K9me2 (Fig. 1F) . TEs containing such loci also exhibit higher CHH and CHG methylation than other heterochromatic TEs in the vegetative cell (Fig. 2D) . Thus, in addition to the usual maintenance of heterochromatic CHH methylation by CMT2, some parts of vegetative cell heterochromatin are also targeted by DRM via RdDM, suggesting that these loci are less heterochromatic in this cell type. However, the 466,450 bp covered by such loci in our analysis (Dataset S1) represent only 7.9% of CMT2-dependent heterochromatic loci in the vegetative cell (5,905,450 bp), so that the vast majority of vegetative cell heterochromatic CHH methylation requires CMT2 (Fig. 1G ).
RdDM-Targeted Heterochromatic TEs Are Likely Transcribed in the Vegetative Cell. Arabidopsis TEs are generally transcriptionally silenced, but activation of heterochromatic TEs has been reported in the vegetative cell (24) . Furthermore, transcriptional activation of such TEs in the ddm1 mutant background has been associated with RdDM targeting (25) , suggesting that DRM-targeted heterochromatic TEs (Fig. 2 A-C ) may be transcribed in the vegetative cell. To test this hypothesis, we examined how TEs targeted by RdDM in the vegetative cell are methylated in ddm1 mutant flowers (25) and shoots (7) . As expected, CHH methylation of these loci is maintained by CMT2 in WT flowers and shoots (Fig. 2 A, E, and F) . However, CHH methylation becomes RdDM-dependent in both tissues in ddm1 plants, as it is greatly reduced by additional mutation of either RDR2 or DRD1 (Fig. 2 E and F) , genes that are required for RdDM (10) . CHH methylation in ddm1 flowers is also reduced by mutation of RDR6, which contributes to RdDM of transcriptionally active loci ( Fig. 2E ) (25) . This can be seen at individual TEs, where the RDR2-and RDR6-dependent methylation patterns of ddm1 flowers resemble those of cmt2 vegetative cells ( Fig. 2A) . Heterochromatic TEs targeted by RdDM in the vegetative cell are also more likely to be transcribed in ddm1 mutants than other heterochromatic TEs ( Fig. S3A and Dataset S2), and they tend to be much longer (Fig. S3B ), suggesting they are mostly fulllength, transcriptionally competent elements (25) . Overall, our results support the interpretation that RdDM targets transcriptionally activated heterochromatic TEs in the vegetative cell.
Histone H1 Is Present in Sperm but Absent from the Vegetative Cell.
The targeting of heterochromatic loci by RdDM in the vegetative cell ( Fig. 2) as well as much higher levels of heterochromatic CHH methylation compared with sperm ( Fig. 1G) suggest that heterochromatin may be more accessible to DNA methyltransferases in the vegetative nucleus. This is consistent with the decondensation of chromatin and lack of heterochromatic foci reported in the vegetative cell (22) . Histone H1 is a chromatin protein that reduces the efficiency of heterochromatic DNA methylation (7). We therefore wondered if increased heterochromatic methylation may be caused by reduced abundance of H1 in the vegetative cell. The Arabidopsis genome encodes two canonical, widely expressed H1 genes, H1.1 and H1.2, as well as a truncated, stress-induced H1.3 gene generally expressed at a much lower level (26) . We find that H1.1-GFP and H1.2-GFP reporter proteins (27) are present in sperm but undetectable in vegetative nuclei ( Fig. 3 A and B) . H1.3-GFP is not detectable in pollen (Fig. 3C) . Quantitative RT-PCR experiments show that H1.1 and H1.2 transcript levels are much lower in pollen than in leaf (Fig. 3 D and E) , whereas H1.3 is undetectable in pollen (Fig. 3F) . Vegetative cell chromatin thus appears to be depleted of histone H1, and sperm chromatin may contain less H1 than leaves and other tissues.
Lack of H1 Does Not Increase Heterochromatic Methylation in Pollen.
To determine how histone H1 influences DNA methylation in pollen, we analyzed methylation of FACS-purified sperm and vegetative cells with mutations in H1.1 and H1.2 (h1 mutants) (7) (Table  S1 ). Unlike somatic tissues (7), vegetative cells do not show substantially increased heterochromatic methylation in any sequence context (Fig. 4 A-C) , consistent with undetectable expression of H1 in the vegetative cell (Fig. 3) . Heterochromatic methylation is also largely unaffected in sperm cells (Fig. 4 A-C) , perhaps due to lower levels of H1 in this cell type (Fig. 3) . Overall, heterochromatic CG methylation in WT sperm and vegetative cells is similar to h1 roots and substantially higher than in WT roots (Fig. 4A) , which is readily apparent even at individual loci (Fig. 4D) . Pollen heterochromatic CG methylation is therefore substantially higher than in somatic tissues, potentially due to reduced levels of H1.
CG Methylation Is More Robustly Maintained in Pollen than in Leaf or
Root. We were intrigued by the higher levels of heterochromatic CG methylation in sperm and vegetative cells (Fig. 4 A and D) because they suggested an explanation for a longstanding mystery. The semiconservative model of CG methylation maintenance (1) implies that even a modest reduction in maintenance efficiency below 100% should lead to dilution of methylation with each cell division that eventually causes complete loss (28) . However, CG methylation levels measured in somatic cells (Fig.  4A ) (5, 6) appear to be below what would be required for stable maintenance (28) . Somatic tissues do not contribute to the next generation, so higher methylation efficiency in cells that do, including gametes, would solve the problem. Indeed, methylation of individual CG sites in sperm and vegetative cells, as well as in the microspores from which they arise, is much higher than in leaves and roots, both in heterochromatic TEs and genes ( Fig. 5  A and B) . CG methylation of euchromatic TEs is also higher in sperm and microspores than in somatic tissues (Fig. 5C ). The low methylation of euchromatic TEs in vegetative cells (Fig. 5C ) is attributable to extensive active DNA demethylation of such sequences in this cell type (Fig. 4D) (15, 16) , which may also explain the somewhat lower CG methylation of genes compared with sperm and microspores (Fig. 5A) . A potential concern regarding our analysis is that we are comparing methylation between pure male reproductive cells and complex somatic tissues. Methylation heterogeneity between cell types within leaves and roots could, when averaged, create the impression of an overall lower methylation efficiency even though methylation within each cell type is as robust as in pollen. To circumvent this issue, we analyzed published methylation data from multiple purified root cell types (17) . These cells show CG methylation levels comparable to those of whole roots and well below those of male reproductive cells (Fig. 5 D-F) . Therefore, the lower CG methylation levels we observe in somatic cells and tissues are caused by reduced methylation efficiency rather than tissue heterogeneity.
To understand the mechanism of increased CG methylation efficiency in pollen, we tested several key known pathways. First, we asked if active DNA demethylation contributes to reduced efficiency in somatic tissues by analyzing methylation of leaves lacking ROS1, DML2, and DML3, the Arabidopsis DNA demethylases expressed in somatic tissues (29) . The ros1dml2dml3 (rdd) triple mutant did not substantially affect CG methylation in leaves compared with sperm and vegetative cells (Fig. 5 A-C) , consistent with the limited genomic hypermethylation observed in this mutant (6) . We also found that CG methylation of drm, cmt2, and cmt3 mutant sperm remained higher than in leaves in TEs and genes (Fig. S4) . Our data indicate that-with the exception of MET1-no single known pathway can explain the increased CG methylation efficiency in pollen.
Discussion
The nuclei of sperm and vegetative cells are drastically different. The sperm nucleus is small, with densely packed chromatin (Fig. 3) and obvious H3K9me2-containing heterochromatic foci (22) . The vegetative nucleus is larger (Fig. 3) , lacks heterochromatic foci and cytologically detectable H3K9me2 (22) , and has much higher levels of CHH methylation (Fig. 1D) (15, 16) . CMTs are dependent on H3K9me2, so it is reasonable to hypothesize that CHH and even CHG methylation in the vegetative nucleus may be largely dependent on RdDM. The columella cells in the Arabidopsis root cap also have much higher CHH methylation than neighboring cells, with elevated RdDM proposed as the cause (17) . Our data do show that RdDM extends somewhat into heterochromatic TEs in vegetative cells (Fig. 2) , which is consistent with published results (22) and may reflect TE activation in the vegetative nucleus (24) . However, CHG methylation is still dependent on CMT3 (Fig. 1C) and heterochromatic CHH methylation primarily on CMT2 (Fig.  1G) . In general, maintenance of non-CG methylation is remarkably similar between vegetative, sperm, and leaf cells (Fig. 1 C-G) . It is likely that the active removal of H3K9me2 in the vegetative nucleus (30) occurs after DNA methylation is deposited, allowing CMTs to work. Overall, our results demonstrate that large, global CHH methylation changes can occur with only minor alterations of pathway specificity.
Although DNA methylation pathways function similarly in pollen and somatic tissues, the efficiency of CG methylation is substantially higher in pollen (Fig. 5 ). The semiconservative model of CG methylation inheritance (1) , and the considerable genetic evidence in support of this model (31) (32) (33) , is more compatible with the higher efficiency of CG methylation in the male germ line (microspores and sperm), and with the similarly high efficiency observed in female plant gametes (34) , than with that observed in somatic tissues (28) . In heterochromatic TEs, much or all of the increased efficiency might be accounted by reduced levels of histone H1 (Fig. 3) , but the mechanism must be different in genes and euchromatic TEs, where loss of H1 does not facilitate CG methylation (Fig. 5 B and C) . Instead of a unifying mechanism, the similar pollen-soma methylation efficiency differences in genes and TEs (Fig. 5) Definition of Genomic Features. Only genes with CG methylation between 20% and 60% were used for analysis in this paper. Overlapping TE annotations were merged.
Confocal Microscopy. Pollen grains were isolated by vortexing open flowers in PBS with 1% of Triton-X-100 and 0.1 μg/mL of DAPI and spread on slides for confocal microscopy under DAPI and GFP channels, respectively.
Quantitative RT-PCR. Total RNA was extracted from mature pollen and rosette leaves, respectively, and treated with DNase I. Equal amounts of total RNA from the two samples were used for reverse transcription and quantitative PCR. The ACT8 gene was used as an internal control.
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